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Summary 

The photo-induced reaction of Cp;M(CO), complexes (Cp’ = C,H,, C,H,; M = 
Ti, Zr, Hf) with trimethylphosphine provides the substitution products 
Cp;M(PMe,)(CO) in high yields. CpzTiC1(PMe,) is obtained by the reduction of 
CpzTiCl z with magnesium in the presence of PMe,. The spectroscopic data for these 
complexes and the X-ray structures of Cp,Ti(PMe,)(CO) and Cp,TiCl(PMe,) are 
compared. 

Introduction 

It is well-known that acceptor ligands like CO can stabilize titanocene, “CpzTi”, 
and Cp,Ti(CO), (1) was reported as early as 19.59 [l]. This complex has been widely 
used as a precursor of titanocene derivatives [2]. Very recently we described the 
preparation of Cp,Ti(PMe,), (2) [3], a much more reactive and thus more versatile 
source of “ titanocene”. Complex 2 loses both phosphine ligands under extremely 
mild conditions to afford a variety of disubstitution products [3,4]. In some cases, 
however, 2 is too reactive, causing oligomerization and polymerization of un- 
saturated ligands such as isonitriles and alkynes. For this reason, we have developed 
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routes to the mixed ligand species Cp.M(PMe,)(CO) (kl -= ‘1-i. Zr. Hf) and some 
indenvl derivatives and WC describe below the sythexca L)I‘ these cc)mplexe~ and 
present a comparison of their spectroscopic data. The cr?\tal and molecular strut- 
tures of the mixed ligand complexes 3 and 7 are also reported. and ~a~~p;rrcd u ith 
those of related Jeri\,ati\e\. The complrxe~ (.‘pJT~(PM~I )l<‘Oi (3) Caned 
Cp,Zr( PMe, )(c’O) (4). obtained under diffcrcnt conditic~~ls. h;~\i: heen hricfk dc- 
icrihed previously [.5j” 
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Results and discussion 

I. Syntheses 
Photochemical replacement of one CO ligand of 1 leads to the mixed derivative 

Cp,Ti(PMe,)(CO) (3) in a high yield. It has not been possible to replace the 
remaining CO ligand to form 2 even under photochemical conditions. 

The related compounds Cp, Zr(PMe,)(CO) (4). Cp, Hf( PMe, )(CO) (5) and 
(C,H,),Ti(PMe,)(CO) (6) (C,H, = indenyl) were also synthesized in good yields by 
photochemical routes from the respective dicarbonyls. The chloro-substituted com- 
plex Cp,TiCl(PMe?) (7) was obtained via a partial reduction of CpzTiCl, (8) in the 
presence of PMe, and HgCl,. In the absence of HgCl,, reduction is much more 
rapid, and only 2 is obtained [3]. We also obtained 7 from (Cp>TiCl), and PMe, in 
THF, utilizing the method of Green and Lucas [6]. 

2. Spectroscopic characterization 
The relevant IR and NMR data for compounds 1-6 are given in Table 1 together 

with those for CpzTiCl, (8). The IR spectra reveal a strong interaction between the 
two-electron ligands CO and PMe,. Thus, the CO stretching frequencies of 3-6 are 
much lower than those for 1, as a result of enhanced Ti + CO back-bonding in the 
mixed ligand systems. A decrease in the CO absorption frequency in the complexes 
Cp,Ti(PMe,)(CO) (3) Cp,Zr(PMe,)(CO) (4) and Cp,Hf(PMe,)(CO) (5) indicates a 
strengthening of the M-CO bond on going down the series. Analogous trends have 
been observed in the corresponding series of complexes Cp,M(CO), (M = Ti. Zr, 

Hf) 171. 
A comparison of the ‘H and “C NMR spectra of compounds l-3 indicates that 

the electron density in the cyclopentadienyl rings is very little affected by the 
substitution of PMe, for CO ligands, although it differs considerably from that in 
the complex Cp,TiCl, (8) which is formally titanium(IV). The ‘H and “C NMR 
data for the Cp rings in CpZTi(PMe,)(CO) (3) Cp,Zr(PMe,)(CO) (4) and 
Cp,Hf(PMe,)(CO) (5) indicate there is only slight variation in ring electron density 
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Fig. 1. Molecular structure of Cp2Ti(PMe,)(CO) (3) 
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TABLE 2 

BOND DISTANCES (k) AND BOND ANGLES (‘) OF Cp,Ti(PMe,)(CO) (3) 

Atoms ‘I Distances 4tom\ ” AIl!&S 

Ti-P 

Ti-C(1) 

PKC(lll) 

P-C(112) 

PKC(I 13) 

C( 1)-O 

Tip(‘(11) 

TikC(l2) 

TidJ13) 

Ti-C(14) 

TikC(l5) 

TipC(21) 

Ti-C(22) 

TipC(23) 

TiGJ24) 

Ti-C(25) 

TikZ( 1) 

Ti-Z(2) 

C(1 l)pC( 12) 

C(12)pC(13) 

C(13)pC(l4) 

C(14)-C(l5) 

(‘(15)-C(l1) 

C(21)-C(22) 

C(22)pC(23) 

C(23)-C(24) 

C(24)-C(25) 

C(25)-C(21) 

2.544( 1) 

1.963(5) 

1.X26(8) 

1.824(7) 

1.X26(10) 

1.1X5(6) 

2.333(5) 

2.371(5) 

2.379(6) 

2.350(6) 

2.335(6) 

2.344(6) 

2.345(5) 

2.365(6) 

2.37X(7) 

2.367(7) 

2.036(6) 

2.044(6) 

1.376(9) 

1.377(X) 

1.3X0(9) 

1.376(11) 

1.426(X) 

1.41X(9) 

1.372(12) 

1.389(11) 

1.373(11) 

1.3X0(13) 

P-Ti&C(l) 

Z(l)-TikZ(2) 

P&Ti-Z( 1) 

P-TlpZ(2) 

C(l)pTi-Z(l) 

C(l)-TikZ(2) 

TibP-C( 111) 

TikPpC(l 12) 

TI+P-C(ll3) 

C(lll)-Pp(‘(112) 

C(112)-P-C(l13) 

C(111)~P-C(113) 

TimC( 1)-O 

C(l5)-c(Il)--C(l2) 

C(ll)~C(12)~~(‘(13) 

C(12)-C(l3)-C(l4) 

C(l3)-C(14)--c‘(l5) 

c(14)-c(15)~(‘(11) 

C(25)-C(21)--C‘(22) 

C(21)-C(22)--C(23) 

C(22)mC(23)K(24) 

C(23)-C(24)--C(25) 

C(24)-C(25)k(‘(21) 

X8.2( I) 

136.9(3) 

105.5(2) 

106.7(2) 

104.X(2) 

104.1(3) 

116.6(3) 

116.X(3) 

11X.8(3) 

99X(4) 

99.4(4) 

102.3(4) 

177.2(4) 

107.9(5) 

10X.5(5) 

107.9(6) 

109.7(6) 

106.0(6) 

107.2(7) 

107.6(7) 

10X.1(6) 

10X.6(7) 

10X.4(7) 

” Z(1). Z(2) are the centrvids of the C, rings 

with changes in the metal. In contrast. the phosphorus nuclei in 3-5 experience 
enhanced shielding proceeding down the series. as evidenced by the “P NMR shifts. 
A comparison of the IR data in the complexes Cp,Ti(PMel)(CO) (3) and 
(C,H,),Ti(PMe,(CO) (6) indicates that substitution of indenyl ligands for Cp 
ligands has a minimal effect on the electron density of the CO groups. 

3. X-Ruy structures 

A single molecule of Cp,Ti(PMe,)(CO) (3) is shown in Fig. 1; bond distances and 
angles are given in Table 2. 

The two Cp rings are planar within the error limits, the deviations of the C atoms 
from the best plane being < 0.003 A. The vectors normal to the ring planes include 
an angle of 136.9”. 

A single molecule of Cp,TiCl(PMe,) (7) is shown in Fig. 2; bond distances and 
angles are given in Table 3. 
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TABLE 4 

BOND DISTANCES AND BOND ANGLES OF 1-3 AND RELATED COMPOUNDS ” 

Ti-CO Ti-P Ti-Z Ti-Cl Z-T)-Z L-TI-L Ref. 

Cp,Ti(CO), (1) 2.030(11) - 

Cp,Ti(PMe,)(CO) (3) 1.963(5) 2.544(l) 

Cp,TKPEt 3 )(CO) 2.009(4) 2.585(l) 

Cp2’WMe3), (2) 

Cp’zTi( DMPE) 

CP>TI( PF, ) z 

_ 2.524(4) 
2.527(3) 
2.527(3) 

_ 2.527(4) 
2.540(4) 

_ 2.340(6) 
2.349(6) 

2.03 
2.02 
2.04 
2.04 
2.05 
2.06 
2.05 
2.06 
2.06 

2.01 
2.02 

13X.6 87.9(6) 

136.9 88.2( 1) 

138.7 

133.2 91.5(2) 
134.3 92.9( 1) 

135.2(2) 76.9(2) 

137.1 87.3(l) 
138.0 8&l(2) 

90.3( 1) 

Cp,TiCI z (8) _ 

CpzTiCl(PMe,) (7) - 

_ 2.060 2.367(2) 130.X9(5) 94.43( 6) 
2.056 2.361(l) 

2.599(2) 2X)71(7) 2.482(2) 132.3(3) 80.4(l) 
2.064(7) 

11 

h 

10 

3 

9 

10 

19 

i> 

” Abbreviations: Cp = $cyclopentadienyl (C,H, ): Cp’= g5-meth~lcyclopentadlenyl (C,H,CH ,), Me = 
methyl (CH,). Et = ethyl (C,H,), DMPE = 1,2-bis(dimethylphosphino)ethane (MezPCHZC‘H,PMe2). 
Z = center of the C, ring (Cp or Cp’); L = ligand other than Cp or Cp’. ” This *cork. 

tions. An atom at (x, y, z) in 3 has a counter atom at approximately (x, l/2 -,r, z) 
in 7. 

In Table 4 the essential structural parameters of a series of CpzTi-type complexes 
possessing phosphine ligands are tabulated together with those for the related 
complexes CpzTi(CO)z (1) and Cp,TiCl, (8). Comparison of the data indicates that 
the distance between the metal and the two Cp rings is insensitive to ligand 
substitution; the Ti-Z values range from 2.01 to 2.07 A, the complexes with strong 
acceptor ligands (Cp,Ti(PF,)2 and Cp,Ti(CO),) having the shortest Ti-Z distances. 
The Z-Ti-Z angles also vary within narrow limits (130-139”). Hoffmann et al. [8] 
have predicted that an increase in the a-acceptor character of L should be accompa- 
nied by a decrease in the Z-Ti-Z angle. In this series, however, this angle decreases 
as the m-acceptor CO ligands of 1 are replaced by PMe,, a poor acceptor, to form 3, 
and decrease again in 2. This is probably due to the steric requirements of PMe,, 
which are more important than the expected effects of decreased back-bonding. The 
structural parameters of the Cp,Ti unit of the mixed complex Cp,Ti(PMe,)(CO) (3) 
fall exactly between those of Cp,Ti(CO)z (1) and CpzTi(PMe,), (2). 

The Ti-P distances of all complexes containing trialkylphosphine ligands range 
from 2.52 to 2.60 A; the corresponding values of the chelating complex 
(MeC,H,),Ti(dmpe) (2.527(4) and 2.540(4) A) are in good agreement [9]. In 
contrast, the Ti-P distances of Cp,Ti(PF,), (2.340(6) and 2.349(6) A) are much 
smaller [lo], the shortening being due to increased Ti-P back-bonding. Atwood et al. 
[lo] have suggested that the Ti-P bond in CpzTi(PEt,)(CO) is elongated because of 
steric crowding. This is supported by a comparison with the Ti&P distance in 
Cp,Ti(PMe,)(CO) (3) which is 0.04 A shorter. 

The Ti-C(carbony1) distance of Cp,Ti(PMe,)(CO) (3) (1.963(5) A) is shorter than 
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Yield 200 mg (81%)). Mass spectrum: m/e 414 ( M’, 9%), 386 (M’ - CO, 56%). 
76 (PMe,. 5%). 

CC, H,),Ti(PMe ,)(CO) (6) 
A 500 ml Schlenk flask was charged with 1.00 g (2.86 mmol) (C,H,)?TiCl, [13] 

and 350 mg (14 mmol) magnesium turnings. THF (50 ml) was added. and the 
mixture stirred vigorously under a slight CO pressure for 20 h. The solution was then 
passed through a 3 x 2 cm plug of 10% deactivated alumina and the product was 
eluted with THF. The solvent was removed in vacua and the residue was extracted 
with 200 ml pentane. The extract solution was passed through another 2 X 3 cm plug 

of 10% deactivated alumina, 2 ml (21 mmol) PMe, was added. and the solution was 
irradiated at -10°C for 2 h. The brown/maroon solution was filtered, and black 
needles formed as the solvent was removed in vacua. Yield 590 mg (54%). Mass 
spectrum: m/e 306 (M+- PMe,, 3%). 278 (Ind,Ti’. 95%). 163 (IndTi*, 20%). 115 
(Ind+. 100%) 76 (PMe,, 39%). 61(PMe,+, 51%). 

Cp,TiCI(PMej) (7) 
A mixture of 1.00 g (4.02 mmol) Cp,TiCl,, 430 mg (17.7 mmol) magnesium 

turnings, 22 mg (0.08 mmol) HgClz and 1.5 ml (16 mmol) PMe, in 20 ml THF was 
stirred at room temperature until the solution became blue. The solvent was removed 
in vacua and the residue extracted with toluene. After filtration and concentration in 
vacua the solution was cooled to -20°C to give complex 8 as blue-green crystals. 
Yield 950 mg (82%). Mass spectrum: m/e 213 (M-- PMe,, 93%). 178 (Cp,Ti+, 
19%) 148 (CpTiCl’, lOO%), 77 (PMe,H’, 5%). 65 (Cp’, 3%). 

Spectroscopic measuremer2ts 
The following instruments were used: IR: Perkin Elmer 297; NMR: JEOL FX 90 

Q; Mass: Varian CH 7 (electron impact, 70 eV). 

TABLE 5 

ATOMIC COORDINATES FOR CpZTi(CO)(PMe,) (3) 

Ti 

P 

C(111) 

C(112) 

C(113) 

C(1) 
0 

C(l1) 

C(12) 
C(13) 

C(14) 

C(l5) 

C(21) 

C(22) 

~(23) 

~(24) 

C(25) 

0.17122(O) 

0.0718( 1) 

0.1138(5) 

- 0.0256(4) 

0.0268(6) 

0.1777(3) 

0.1839(3) 

0.0511(3) 

0.0418(3) 

0.1058(4) 

0.1550(4) 

0.1234(4) 

0.2830(4) 

0.3178(3) 

0.3090(3) 

0.2699(4) 

0.2541(4) 

0.39998(0~ 

0.2669( 1) 

0.1680(4) 

0.2827(6) 

0.2205(7) 

0.4008( 3) 

0.4043(3) 

0.4863(4) 

0.4572(4) 

0.4936(4) 

0.5462(4) 

0.5435(4) 

0.2987(4) 

0.3856(5) 

0.4243( 5) 

0.3632(5) 

0.2868(5) 

0.31962( 1) 

0.3335(l) 

0.4003(E) 

0.4103(6) 

0.2108(7) 

0.4768(4) 

0.5713(3) 

0.3549(5) 

0.2509( 5) 

0.1 X98( 5) 

0.2559(7) 

0.3588(h) 

0.3426(8) 

0.3487(7) 

0.2497(7) 

0.1822(6) 

0.2392(E) 

0.044( 1) 

0.053( 1) 

0.101(11) 

0.079(E) 

0.103(11) 

0.069(6) 

0.115(6) 

0.069(7) 

0.063(7) 

0.077(E) 

0.078(8) 

0.080(E) 

0.091(10) 

0.090( 10) 

0.082(9) 

0.089(9) 

0.092(10) 
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a*(F)+ 0.00006F’. The maximum of residual electron density was 0.42 eA-‘. 
Atomic coordinates are listed in Table 6. Other details were as for 3. 

Additional data for both structure determinations can be obtained from the 
Fachinformationszentrum Energie Physik Mathematik, D-7514 Eggenstein- 
Leopoldshafen 2, by quoting the depository number CSD 51444, the names of the 
authors and the journal citation. 
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